Highlights
Ocean buoy observations
The buoy wind speeds and directions are recorded hourly. Measurement heights vary between 168 3.5 m and 14 m with the vast majority of the observations at heights lower than 10 m. We 169 extrapolate to 10-m wind speeds using a logarithmic wind profile: where u(z) is the wind speed at height z (m s -1 ), u* is the friction velocity (m s -1 ), is the von 174 Kármán constant (~0.4), and z0 is the surface roughness length, which we set to a constant of 175 0.0002 m. The air-sea temperature difference, which is needed to estimate atmospheric stability effects, 178 is typically missing in the buoy data sets. We can thus expect a bias on the 10-m wind speed 179 due to the lack of stability correction of the buoy observations. We assume this bias is 180 constant across the Envisat and Sentinel-1 sensing periods. 3. Initial comparisons of SAR and buoy observations 183 We first compare the wind speeds retrieved from SAR to wind speed observations from the 184 ocean buoys in the North Sea and North Atlantic. The selection criterion for buoy 185 observations is that their time stamp must be less than 30 minutes from each SAR data 186 acquisition time. To ensure comparability between spatial averaging of the satellite winds and 187 temporal averaging of the buoy observations, we extract the average SAR wind speeds over 188 an area of 10 km by 10 km around the buoy positions. We exclude data points where the SAR 189 or buoy wind speeds are below 0.5 m s -1 . To examine the effect of the wind direction input chosen for the SAR wind retrieval 221 processing, we repeat the comparisons between SAR and buoy wind speeds using a second 222 set of SAR wind speeds retrieved over each of the buoy stations with observed wind 223 directions from the buoys as input. The buoy wind directions are expected to be more accurate 224 than the model wind directions initially used for the SAR wind retrieval because i) they are 225 representative for the exact buoy locations, ii) they are measured in a consistent manner 226 across the Envisat and Sentinel-1 sensing periods, and iii) they are observed rather than 227 simulated. and Sentinel-1 after commissioning remains around 0.8 m s -1 so the quality of wind direction 238 inputs cannot explain the offsets in wind speed biases between different SAR sensors.
239
Because we find the lowest RMSE for SAR wind speeds retrieved with buoy wind directions, 240 we use these SAR wind retrievals for the remaining part of Section 3. Based on the collocated SAR and buoy wind speed pairs analyzed above, we investigate the 273 dependence on the SAR-buoy wind speed residuals on the radar incidence angle. Visual 274 inspection of the SAR derived wind fields indicate that wind speeds can vary across the radar 275 swath even though the radar incidence angle is taken into account during the SAR wind 276 retrieval. Higher wind speeds typically occur at high incidence angles. In the following, we use buoy wind speeds and directions to retrieve the NRCS for different 305 radar incidence angles. To achieve this, we apply CMOD5.n in forward mode i.e. we use the 306 buoy wind speed and direction and the radar incidence angle as input and retrieve the NRCS. 307 We then compare the observed and retrieved NRCS. Envisat, the residual of NRCS [dB] is very small at low incidence angles and it increases 311 gradually for incidence angles larger than 20°. The relationship between the incidence angle 312 and the NRCS residuals in dB space is almost linear. For the Sentinel-1A commissioning 313 phase, a linear relationship between NRCS residuals and the incidence angle is seen across 314 the interval 32-41° and there are very few data points at lower incidence angles. For Sentinel-315 1 A/B, the incidence angle range is smaller and the observed NRCS is higher than for Envisat.
316
This leads to smaller residuals with respect to the retrieved NRCS and again, we see a linear 317 increase of NRCS with the incidence angle. The results in Figure 4 suggest that changes of 318 NRCS residuals with the radar incidence angle is the source of the wind speed biases reported 319 above. In the following, we present a method for correction of the sensor-specific incidence 320 angle dependence. the median values. We split our data set according to sensor, polarization, and scan modes.
351
Additionally, we take into account that the calibration of a sensor can change over time by year is used. For the first 12 months a given sensor is in operation, model data covering the 354 same 12 months are used for correction. Subtracting the linear fits from the NRCS observations made by Envisat and Sentinel-1 366 corrects the bias and the slope of NRCS in dB space:
368 where σ 0 [dB] is the NRCS and θ [°] is the radar incidence angle. The subscript 'IC' denotes 369 that NRCS is now inter-calibrated between the sensors. Figure 6 illustrates the entire 370 processing chain of the inter-calibration method applied here. The SAR inter-calibration procedure presented above relies solely on global circulation model 376 wind speeds and directions. We can therefore return to the ocean buoy observations of wind 377 21 speed and use these as an independent reference data set. In the following, we compare the 378 inter-calibrated NRCS and SAR wind speed retrievals to the buoy observations. In Table 4 , we present an overview of statistics per SAR sensor before and after the SAR The effect of SAR inter-calibration on wind speed retrievals over time is illustrated in Figure   442 10. The plot shows how there is a drift of the SAR wind speed accuracy with respect to 443 reference measurements at the buoy stations during Envisat's lifetime. Our correction of 444 NRCS leads to a significant reduction of wind speed residuals during the entire Envisat eera.
445
For Sentinel-1A/B, we see large wind speed residuals for the first two years of operation, Our results indicate that we have successfully removed biases on wind retrievals from the 456 different SAR sensors. The bias removal is crucial for merging of the wind speeds retrieved 457 from Envisat and Sentinel-1A/B to a single time series, which is desired for e.g. wind energy 458 resource assessment. In the following, we will examine the effect of inter-calibration on the 459 wind resource we can estimate for each of the buoy locations. It is not clear why the inter-calibration leads to higher residuals at the two sites Gascoigne and At the buoy station 62091, prevailing winds are from more southerly directions due to 515 channeling effects within the Irish Sea. The difference between Weibull curves before and 516 after inter-calibration of the SAR data is less pronounced than for Brittany. In fact, the values 517 of Weibull k are identical to the buoy observations before inter-calibration whereas a 518 difference of 0.08 is found after inter-calibration. As for Brittany, we find that Weibull A and 519 the wind power density is reduced significantly after the SAR inter-calibration. The bias, RMSE, and Mean Absolute Error (MAE) averaged for all 12 buoy stations are 528 summarized in Table 6 . The bias on U is reduced to almost zero and this reduces the bias on In connection with the fitting of linear functions to calculate NRCS corrections, we also 586 assume that the modelled wind speeds will on average converge to the true mean wind speed 587 (both spatially and temporally); otherwise we are adjusting to an offset wind speed. Sentinel-1A/B observations. The correction varies according to the SAR sensor, scan mode, radar incidence angle, and also over the sensor lifetime. The inter-calibration leads to a 631 significant reduction of wind speed biases and uncertainties expressed through the RMSE.
632
Wind resource estimates become more conservative as a result of the SAR inter-calibration.
633
Our successful calculation of a long-term wind speed record form SAR observations is 634 promising and has a potential for extension using other SAR sensors from the past, present 635 and future. Ultimately, this could lead to establishment of a new derived product offering 636 long-term SAR wind data for wind energy resource assessment and other applications. 
